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1973.-Adelie and gentoo penguins were submerged and compressed in a chamber to depth equivalents up to 68 m. Lung and air sac volume upon compression averaged 165 ml/kg for Adelie and I60 ml/kg for gentoo penguins.
Arterial Nz tensions increased to 3.5 ATA during 30-m dives and to 4.8 ATA during 68-m dives. Paool before the dive was 31 mm Hg, it rose abruptly to 50 mm Hg after submersion and compression, and after decompressing but before surfacing Paoo, fell to 35 mm Hg. Oxygen content of the thoracic air sac fell from 13.2 to 2 y0 during a compression dive; Paor rose upon compression and then fell rapidly during the remainder of the dive. After ventilation on 100% 02 , PaOz exceeded 800 mm Hg during compression dives. These results show that gas exchange between the air sacs, lungs, and blood continues during deep dives. The main protection of these two species of penguin to the adverse affects of inert gas absorption appears to be an incapacity for prolonged dives and therefore prolonged exposure.
Adelie penguin; gentoo penguin; compression dives; arterial 02, CO2 , and N:! ; air sac 02 and CO:! concentration THE DEPTH AND DURATION of dives reported for some species of birds and the unusual structure of the bird respiratory system make them an interesting group to study and to compare with deep diving mammals in regard to effects of pressure on gas exchange in the lungs. Most birds do not dive for more than 2-3 min (3), and the diving depth of only a few birds has been reported. Common loons, Gavia immer, and old squaws, Clang&z hyemalis, have become entangled in nets at depths of 60 m (18) . Emperor penguins, Aptenodytes forsteri, are exceptional. They dive for as long as 18 min and as deep as 265 m (8) .
Unlike mammals most of the respiratory gas in birds is not contained in the gas exchanging area of the lung but is in the air sacs. The lung is a rather rigid structure attached to the dorsal portion of the ribs and vertebrae. The details of movement of air from the air sacs and through the lungs during normal ventilation have been described recently (1, 15) . Experiments by Pickwell (14) have shown that in the duck gas exchange continues between the air sacs, lungs, and blood during dives of shallow immersion, and the O2 store of the air sacs is an important determinant in the duration of the dive. This is different from the seal which dives on partial expiration and in which the lung oxygen store is neither an important fraction of the total body 02 store nor an important determinant of the length of the dive (11, 16) . I n seals during deep dives gas exchange between the lungs and blood occurs for a proportionately short part of the time and blood N2 tensions remain low (19 Their average weight was 4.9 kg. No bird was kept for more than 6 days and both species fasted, except for water, while in captivity.
In order to dive the birds they were held in place on an aluminum plate by means of steel hoops which girdled the animal.
The wings were left free. The plate was then fastened to steel angles attached to the wall of the compression chamber.
The chamber was inclined at 20" so that it could be nearly filled with water and not immerse the head of the bird. The chamber was ventilated with an air pump until the dive, at which time it was completely filled using a high-speed water pump. Pressure was applied with a hand hydraulic pump, and the amount of water required to achieve a given pressure was measured.
In the absence of a penguin there was no measurable drop in pressure for 30 min at 4 ATA.
Since the bird is the only compressible object in the chamber, the volume of water needed to reach a given pressure is due to compression of the bird minus a small correction for chamber expansion. Thus, the chamber functions as a sensitive whole-body plethysmograph.
Of 19 known gas volumes measured in this way, which ranged from 0.5 to 2.0 liters, the error averaged 0.5 %. The compressible portions of the penguin are the respiratory system, the air trapped in the feathers, and the gastrointestinal tract. Since the birds voluntarily compress their feathers to a layer only 5 mm thick upon diving, which results in a very tight layer, the amount of air trapped is small and no correction was made. Based on differences in volume of water displaced in three birds before and after washing the feathers with a detergent, this introduces an error in our measurements of about + 10 %. It was not possible to determine the amount of gas in the gastrointestinal tract. Presumably it is small compared to the respiratory system. Prior to any blood sampling the birds were practice dived a number of times. During the dives the behavior of the penguins was observed through one of the four viewing ports. The birds were subjected to only four or five dives per session and then returned to their pen. as will be seen later. Air sac gas was sampled in a similar fashion to blood. Analysis of the gas sample was with a Scholandcr water-gas analyzer (17) . During the dive the electrocardiogram was used as an instantaneous assessment of the condition of the bird. Needle electrodes were placed subcutaneously near the axillae, and the heart rate was monitored on a Cambridge direct printout recorder.
RESULTS
The blood N2 tensions, calculated from content determinations,
show that during 4-ATA dives N2 tension rose 2-4 times its original level; the average value was 2.7 ATA (Fig. 1) . The higher values were close to an estimated equilibrium tension between the blood and lungs, assuming a nitrogen fraction of 0.9 in the lungs, and the blood passing through the lungs is completely equilibrated. During 7.8. ATA dives tension increased 2.5-5 times. The average tension was 3.5 ATA. During surface dives the CO2 tension rose gradually from an average predive level of 32 mm Hg to a maximum of 59 mm Hg (Fig. 2) (Fig. 3) . The gas composition of the left intrathoracic air sac in one Adelie penguin fell from an average O2 concentration of 13.2 % before the dive to 4.5 % after 2.5 min of submersion. During compression dives of 4 ATA, the concentration fell to 2 % after 3.5 min of submersion, the last 2 min of which were at pressure.
The fall in 02 concentration ap- peared more rapid during the 4-ATA dives (Fig. 4) . Simultaneous CO2 and N:! concentration changes were from predive levels of 4.2 and 82.4 %, respectively, to 6.0 and 89.5 %, respectively, after 2.5 min of submersion. During 4-ATA submersions CO2 and N2 concentrations changed from similar predive levels as before to 2.5 and 95.5 %, respectively, after 3.5 min of submersion (Fig. 4) . (Fig. 2) . Upon decompression, the expansion of lungs and air sacs results in a drop in partial pressure of CO2 and the blood-lung CO2 gradient is again reversed and CO2 diffuses in the normal direction. This results in a fall in Paco2, even though the bird is still submerged. These changes are more marked than the data show because the measured CO2 tensions are lower than actual values for reasons discussed earlier.
The change in air sac composition also reflects this gradient reversal. During I-ATA dives the CO, concentration rises from 4.2 % up to 6 % after 2.5 min of submersion as CO2 diffuses into the air sacs. During 4-ATA dives, the CO2 concentration falls after compression and is only 2.5 % after 3.5 min of submersion (Fig. 4) . The faster diffusing 02 and CO2 enter the blood more rapidly than N2, resulting in a decline in their proportions within the air sacs. The rise and fall in Paoz (Fig. 3 ) and the fall in air sac 02 concentration (Fig. 4) during the compression period of the dives also show that the lungs and air sacs are exchanging with the blood during the entire period. The Paoz of birds compressed to 4 and 7.8 ATA after first ventilating on 100 % 02 was off scale, over 800 mm Hg, during the entire compression period.
Using the ordinary pulmonary shunt equation (12), we can predict what percent shunting would be necessary for PaOz to fall below 800 mm Hg if we assume that: I) the blood O2 capacity is 200 ml/liter, 2) 02 pressure in the parabronchi is nearly 3,000 mm Hg during a 4-ATA dive, and 3) the 02 content of mixed venous blood is 5 vol % less than arterial blood or 175 ml/liter. (The a-v difference is not known in penguins during a dive, but it has been observed to remain constant around 5 vol CT0 in diving seals (6)). We calculate that shunting would need to be between 50 and 60 %.
